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COMMENTARY
Artificial microtubules burst with energy
Anouk S. Lubbea, Sander J. Wezenberga, and Ben L. Feringaa,1
Among the multitude of biological machines that
nature employs to keep the cell operational, molec-
ular motor proteins are certainly among the most
captivating. These proteins convert chemical energy
into mechanical work and drive most forms of motion
(1). Cytoplasmic motors, for example, are proteins that
move along a track and can transport cargo or induce
muscle contraction. Beside these types of linearmotion,
rotary motion is ubiquitous. It occurs, for example, in
flagella, which propel bacteria, or in ATP synthase, the
protein that creates ATP. Alternatively, polymerization
motors, such as actin filaments or microtubules, gener-
ate force by their assembly or disassembly. To under-
stand the dynamics of the living cell, as well as to create
increasingly complex artificial systems, chemists strive
to construct artificial molecular motors and machines.
In PNAS, Fredy et al. (2) present an innovative design
that combines molecular motion with supramolecular
chemistry to build a light-powered self-assembled ma-
chine in which energy is accumulated and released. This
induces a mechanical effect that mimics the pulling
force of microtubule disassembly.
Synthetic molecular machines of increasing sophis-
tication have been built and studied for several decades
(3). Analogous tomolecularmotors found in nature, they
are defined as molecules that can convert an energy
input, typically in the form of chemical fuel or light, into
translational or rotational motion. To harvest this output
for mechanical work remains a fundamental challenge
as molecular machines usually operate in solution. At
the molecular scale, Brownian movement and viscous
forces dominate, while the influence of gravity and inertia
is negligible. Any force generated by a single molecular
machine is negated by the devastating Brownianmotion,
while collective output is nearly impossible when all in-
dividual molecules are randomly oriented. To utilize mo-
lecular machines in soft nanotechnology, motion needs
to be amplified across length scales. Considerable suc-
cesses toward this goal have been achieved though co-
valent linking of motors or switches, for example, in
polymers (4, 5) or through surface functionalization (6, 7).
A promising alternative is to look at “chemistry
beyond the molecule,” into supramolecular functional
systems consisting of noncovalently bonded molecu-
lar subunits (8, 9). For instance, over a decade ago,
doping of a liquid crystalline film with a light-driven
molecular motor was already used to induce direc-
tional rotation of a microscale glass rod (10). Self-
assembled systems, in particular, provide an opportu-
nity to organize matter on a larger length scale (9). In
the process of self-assembly, individual building
blocks organize themselves into larger architectures
without human intervention. The prime example of a
dynamic functional self-assembled system is the living
cell, which consists of thousands of different molecular
components. Self-assembly not only offers a novel
route toward creating larger structures for nanotech-
nology but also allows them to work out of equilib-
rium, which is of fundamental importance in studies
concerning the origin of life (11). However, our under-
standing of dynamic and out-of-equilibrium self-
assembly is still scarce and artificial self-assembled
supramolecular structures that act like machines
largely remain a future vision. Nevertheless, promising
steps in that direction have been taken through the
development of functional supramolecular polymers,
polymers in which the monomers are connected by
Fig. 1. Light-induced strain-driven disassembly of supramolecular tubes. (Left)
In the initial state, the photoswitchable azobenzene moieties integrated in
the building blocks are in the trans configuration (gray), forming a stable,
self-assembled tubular structure. (Middle) During irradiation, the azobenzene
moieties switch to the nonplanar cis configuration (red). As a result, the tubules
build up strain but remain structurally intact. (Right) Once a critical amount of
azobenzene building blocks have switched, the tubes suddenly disintegrate.
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noncovalent interactions, and responsive nanotubes (12, 13). For
example, a self-assembled supramolecular polymer fiber was re-
cently reported, which could contract and expand in a manner
reminiscent of muscle fibers (14). Alternatively, these materials
resemble the filaments of the cytoskeleton and, as such, may find
application as polymerization motors.
In PNAS, Fredy et al. (2) describe a novel self-assembled supramo-
lecular system that has the potential to harvest work from molecular
photoswitches (Fig. 1). Their system is modeled after microtubules,
dynamic filaments that make up a large part of the cytoskeleton and
can be considered supramolecular machines. Microtubules self-
assemble through a ratcheting growth mechanism which generates
pushing forces in the cell, while they disassemble in small abrupt
bursts following a slow build-up of strain (15). It has been dem-
onstrated previously that the force generated in these disas-
sembly events may be harvested to generate work (16). Fredy
et al. (2) designed a synthetic supramolecular tubule that incor-
porates photoswitchable building blocks. Their photoswitch of
choice is azobenzene, a molecule that is planar in its thermally
stable trans configuration. Interestingly, the trans-azobenzene
can contribute to self-assembly through π-π stacking, a favor-
able electronic interaction that also contributes to the “spiral
staircase”-like arrangement of nucleobases in the DNA double
helix. Irradiation with UV light causes the molecule to switch to its cis
form, a process that can be reversed either by irradiation with visible
light or by prolonged heating. In contrast to the trans form, the cis
form is not planar, causing a simultaneous loss of stacking interac-
tions and a disturbance of the ordered structure. Therefore, upon
irradiation, the microtubules are destabilized and ultimately break
up into shorter tubes. Supramolecular polymers are often dynamic
assemblies which continuously exchange building blocks with their
environment. Storing energy in the form of strain build-up is difficult
to achieve because in an equilibrium state, a locally high concentra-
tion of the disrupting cis formwould be exchanged by trans building
block from the solvent. By operating in water, amedium in which the
cis building blocks are very poorly soluble, Fredy et al. (2) were
able to prevent such exchange, allowing the system to operate
out of equilibrium. Notably, this process reflects the natural
disassembly of cytoskeletal microtubules because irradiation
does not immediately affect microtubule length while strain is
accumulating, as was supported by simulations. After a critical per-
centage of cis isomer is reached, however, the tubules suddenly
start to break up. Atomistic modeling confirms that above 15% of
photoconversion to the cis isomer, holes start to appear in the
tubules. Depending on the concentration, prolonged irradiation can
result in either in a higher concentration of smaller tubules or the
complete disappearance of the self-assembled structures.
With their self-assembled tubular system, Fredy et al. (2) pre-
sent an intriguing new approach toward the construction of
supramolecular machines. The conversion of light into tubular
strain offers the opportunity to translate molecular motion into
energy storage and macroscopic work. Although the produced
In PNAS, Fredy et al. present an innovative
design that combines molecular motion
with supramolecular chemistry to build a
light-powered self-assembled machine in which
energy is accumulated and released.
force is currently not converted into work, cytoskeletal microtu-
bule disassembly has previously been employed to move cargo
(16); a similar application for the system designed by Fredy et al.
(2) can easily be envisioned. Furthermore, the out-of-equilibrium
state of these assemblies might be utilized in the development of
synthetic systemswith life-like properties. It is inspiring to see that the
simple action of azobenzene switching, a chemical transformation
that has been known for 80 y (17), can be converted into controlled
motion and potential (stored) energy in a giant conglomerate of
molecules, in a compelling imitation of microtubule assembly.
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